Objective: To examine associations of biomarkers of nutrient intake with overall diet quality. Subjects: A convenience sample of 102 healthy postmenopausal women in Seattle, Washington (USA). Design and method: Participants attended a study centre where they provided fasting blood specimens and completed a 122-item validated food-frequency questionnaire (FFQ). Data from the FFQ were used to calculate Diet Quality Index (DQI) scores and categorise women as having diets of excellent, good, fair or poor quality. The blood specimens were analysed for nine phospholipid fatty acids (as percentage of total) and serum concentrations of vitamin C, a-tocopherol, g-tocopherol, vitamin B 12 , folate and six carotenoids. Multivariate linear regression was used to model associations of the nutrient biomarkers with DQI scores. Results: Compared with women with poor-quality diets, women with excellent diets, as measured by the DQI, had higher plasma concentrations of vitamin C (P for trend ¼ 0.01), a-tocopherol (P for trend ¼ 0.02) and b-cryptoxanthin (P for trend ¼ 0.03). Women with excellent diets also had lower proportions of plasma phospholipid fatty acids of two potentially atherogenic fatty acids: stearic acid (P for trend ¼ 0.01) and behenic acid (P for trend ¼ 0.03). A group of six biomarkers explained a moderate proportion of the total variability in DQI scores (36%). Conclusions: These objective measures of dietary intake support the use of the DQI as a useful tool to measure dietary patterns.
In the past 10 years, considerable research has focused on the development and use of indices of overall diet quality. A number of related approaches have been proposed, including the Diet Diversity Score 1 , the Diet Quality Index 2 and the Healthy Eating Index 3 . All of these indices sum across a number of foods (e.g. servings of fruits and vegetables) and/or nutrient measures (e.g. percentage energy from fat) to calculate a single score that ranks an individual on their overall diet quality.
These global indices of food and nutrient intake have a number of useful properties. From a health perspective, it is clear that a good diet is the sum total of food choices, as opposed to a single food or nutrient. Therefore, an index that reflects overall diet quality is, conceptually, an important exposure for research on diet and health 4 . Ranking individuals by diet quality may offer important clues about disease risk, which could be applied to programmes for prevention 5 . Kant et al. found that an overall score based on recommended food consumption guidelines was significantly inversely associated with all-cause mortality in 42 454 women participating in the Breast Cancer Detection Demonstration Project 6 . McCullough et al. reported that the Healthy Eating Index was not associated with overall risk of major chronic disease, but was associated with a non-statistically significant 14% reduction in cardiovascular disease risk in the Nurses' Health Study 7 . To better understand the potential utility of measures of overall diet with nutritional status and health, this report compares the Diet Quality Index (DQI) scores of postmenopausal women with a varied array of nutritional biomarkers. Specifically, we examine the following biomarkers: (1) phospholipid fatty acids associated with intake of animal products and nuts (stearic, palmitic and behenic acids), plant sources of fat such as olive oil (oleic and palmitoleic acids), fish consumption (eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)), and margarine and processed foods (trans fatty acids); (2) vitamins associated with meat and dairy intake (vitamin B 12 ), corn/soybean oils and fortified foods (a-and g-tocopherol), and fruits and vegetables (vitamin C, folate); and (3) bioactive compounds associated with fruit and vegetable intake (carotenoids). Data relating a diet quality score with biomarkers can give information on objective measures of intake in relation to dietary patterns and provide insight into mechanisms by which eating patterns may influence disease occurrence.
Methods

Study participants
We recruited a convenience sample of postmenopausal women aged 50-79 years in Seattle, WA, USA. Potential participants were screened via a telephone-administered eligibility-screening interview for conditions that might interfere with biomarker measurements, such as bowel disease, diabetes, renal disease and liver disease. Of the 177 women who completed the telephone screening, 102 (57.6%) were recruited and completed all study procedures. The Institutional Review Board at the Fred Hutchinson Cancer Research Center approved all procedures and all participants signed informed consent.
Measures
Participants attended two visits to a study centre, one week apart, where they completed a variety of procedures and provided two fasting blood samples. Procedures and data collection relevant to the analyses presented in this report are described below.
Blood collection, processing and analysis Participants arrived at the study centre for both visits after an overnight fast ($ 8 h) and phlebotomists collected blood samples into serum and plasma separating tubes, which were protected from heat and light throughout processing and storage. Plasma aliquots for vitamin C (ascorbic acid) analysis were preserved with metaphosphoric acid/dithiothretol solution. All specimens were stored at 2 708C until analysis at the Core Laboratory of the Fred Hutchinson Cancer Research Center. The carotenoids, a-tocopherol and g-tocopherol were analysed with high-performance liquid chromatography after biphasic extraction as previously described 8, 9 . Vitamin C and total serum cholesterol were measured with enzymatic procedures on a Cobas Mira Plus chemistry analyser (Roche, Branchburg, NJ, USA) 10 . Serum folate and vitamin B 12 were analysed by radioimmunoassay using the Quantaphase II radioassay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) 11, 12 . Phospholipid fatty acids were analysed utilising Folch extraction and thin layer and gas chromatographies for separation and quantification 13 , and are expressed as weight percentage of the total fatty acids 14 . The coefficients of variation for the measured analytes were: , 6% for ascorbic acid;
,10% for folate and B 12 ; , 3.5% for total cholesterol; ,2% for a-and g-tocopherol; , 3.5% for a-carotene, b-carotene and lycopene; ,3.9% for lutein; , 4.1% for zeaxanthin; and , 1.3% for b-cryptoxanthin; all fatty acids were , 5%. The mean of the duplicate blood measures was used in all analyses.
Dietary assessment
Prior to each study visit, participants completed the Women's Health Initiative food-frequency questionnaire (FFQ) 15 . This FFQ asks about usual dietary intake over the previous three months of 122 foods or food groups, with questions on usual frequency of intake and portion size. We analysed the dietary data using the University of Minnesota, Nutrition Coordinating Center Nutrient Database 16 and details regarding our procedures for analysis have been published elsewhere 15, 17 . Participants who used dietary supplements were asked to bring all bottles to each clinic visit where use was assessed with a validated inventory procedure 18 .
Diet Quality Index
Diet quality was measured with a composite score of overall healthfulness called the Diet Quality Index (DQI) 2 . The DQI reflects an individual's adherence to the eight Diet and Health recommendations of the National Academy of Sciences (reduce total fat intake to 30% or less of energy; reduce saturated fat intake to less than 10% of energy; reduce cholesterol to less than 300 mg day
21
; eat five or more servings of fruits and vegetables per day; eat six or more servings of breads, cereals and legumes per day; maintain protein intake at moderate levels; limit sodium to less than 2400 mg day 21 ; and maintain adequate calcium intake) 19 . Due to the analytical complexity of measuring servings of grains from an FFQ, these analyses used grams of fibre/1000 kcal as a proxy measure for servings of grains, cereals and legumes 20 . The mean estimates of nutrient intake from the duplicate FFQs were used to score participants for each of the eight recommendations based on a previously published algorithm 2 . The score was '0' if participants met a given recommendation, '1' if their consumption was within 30% of a recommendation and '2' if their consumption differed by more than 30% of a recommendation. Scores for the eight recommendations were summed to give a total DQI score (range 0-16), with a lower score (# 5) indicative of a healthful diet 2 .
Anthropometry
We measured height and weight at each clinic visit. Body mass index was calculated as weight (in kg) divided by the square of height (in m).
Other measures
We collected demographic data using a self-administered questionnaire.
Data analysis
Multivariate linear regression models were used to examine associations of nutrient biomarkers with diet quality. These analyses used the concentrations of the serum or plasma nutrients as the independent variables and the DQI scores as the dependent variables and included a linear contrast to test for trends. Duncan's multiple range test was used to test for multiple comparisons. The selected biomarkers represent some, but not all, aspects of the DQI since there are not suitable biomarkers for some DQI components (i.e. fibre). All serum nutrient concentrations were log e -transformed prior to analysis to improve normality and results were back-transformed and presented in original units for ease of interpretation. All models included age, body mass index and dietary supplement use as potential confounding variables, and models with lipid-soluble nutrients (e.g. fatty acids, a-tocopherol, g-tocopherol and the carotenoids) included additional adjustments for total serum cholesterol. We examined the contribution of energy intake to these models, but because energy was neither statistically significant nor influential on mean biomarker concentrations, energy was not included in the final models. Stepwise regression was used to estimate which biomarkers were the best predictors of the DQI; variables were retained in the model if P # 0.10. All statistical analyses were conducted with SAS, version 8.2 (SAS Institute, Cary, NC, USA).
Results
The mean age of study participants was 61.4 years, 94.2% of the sample was Caucasian, 61.8% had a college degree or higher and 51.6% had an annual household income in excess of $50 000. Over half of the study participants were overweight (34.3%) or obese (21.6%) 21 , and 81% used a dietary supplement at least once a week. Women who had excellent diets were more likely to be users of vitamin E supplements, but there were no other associations of diet quality with dietary supplement use (data not shown). Table 1 gives the distributions of the nutritional biomarkers. Table 2 gives associations of nutrient biomarkers with the DQI scores. Only 15.7% of the women had excellent diets (score # 5) that adhered to the Diet and Health recommendations. Thirty per cent and 38.2% of participants had a good (DQI ¼ 6-7) or fair (DQI ¼ 8 -10) diet, respectively, and 16.7% had high DQI scores ($ 11) indicative of a poor diet. There were positive associations of monounsaturated fatty acid concentrations with a healthful diet. Specifically, plasma oleic acid was higher among women with an excellent diet compared with those with a poor diet (P for trend ¼ 0.09). Two saturated fatty acids, stearic acid and behenic acid, were significantly lower among women with excellent or good diets compared with those with poor-quality diets. In contrast, palmitic acid was significantly higher among women with excellent and good diets compared with women with poor diets (P for trend ¼ 0.01), while the plasma phospholipid myristic acid was relatively constant across DQI scores.
Plasma vitamin C was higher among women with an excellent or good diet than in those with a fair or poor diet (P for trend ¼ 0.01). Women with an excellent or good diet had higher serum a-tocopherol concentrations than women with a fair or poor diet (P for trend ¼ 0.02). We attribute this finding to more frequent use of single supplements of vitamin E (which is exclusively a-tocopherol) by women with excellent or good diets, compared with women with fair or poor diets (P ¼ 0.07) (data not shown). In contrast, serum g-tocopherol (the predominant form of vitamin E in dietary fats and oils) was lower among participants with an excellent or good diet compared with those with a fair or poor diet (P for trend ¼ 0.09). Higher serum vitamin B 12 concentration was associated with excellent or good diet quality (P for trend ¼ 0.05).
Of the five circulating serum carotenoid concentrations, only b-cryptoxanthin was significantly associated with diet quality. Participants with an excellent diet had higher serum b-cryptoxanthin concentrations than those with good and fair or poor diets, respectively (P for trend ¼ 0.03).
Six of the 19 biomarkers explained 36% of the variance in the DQI scores in a stepwise regression model (Table 3) . These nutrient biomarkers included two vitamins (vitamins C and E), two fatty acids (oleic acid and stearic acid) and two carotenoids (a-carotene and b-cryptoxanthin). Plasma vitamin C had the strongest influence on the DQI, explaining 16% of the variance. 
Discussion
In this sample of healthy postmenopausal women, biomarkers of healthful food choices were associated with better DQI scores, while biomarkers of less healthful choices were associated with poorer DQI scores. For example, plasma phospholipid fatty acids derived from peanuts and animal products 22, 23 and g-tocopherol found in mayonnaise, salad dressings, fried foods and manufactured baked goods 24 were significantly lower among women with good or excellent diets compared with those with fair or poor diets. Two saturated fatty acids that have been associated with increased risk of coronary heart disease, stearic acid 25 and behenic acid 26 , were significantly lower among women with good or excellent DQI scores than among those with poor diet quality. Likewise, our results showed that numerous compounds with presumed beneficial properties, including phospholipid monounsaturated fatty acids and serum concentrations of vitamin C, b-cryptoxanthin, folate and a-tocopherol, were higher among women with good or excellent diets compared with those with fair or poor diets. A subset of these nutritional biomarkers (six of 19) explained 36% of the variance in DQI scores. This finding is notable, given that demographic (i.e. age, sex, race/ethnicity) and lifestyle (i.e. exercise, body mass index) predictors of diet typically explain only a small proportion (, 10%) of variance in models predicting percentage energy from fat or fruit and vegetable intake 27 -29 . We found that palmitic acid, which may raise serum low-density lipoprotein (LDL) concentrations 30 , was significantly higher in women with excellent or good diets, compared with those with poor diets. These findings are in agreement with a controlled feeding study showing that when participants consumed a low-fat diet (20% of energy from fat), there was a significant increase in palmitic acid incorporated in plasma phospholipids, compared with measures taken following a high-fat diet (45% of energy as fat) 22 . These results are not unexpected, since de novo synthesis of palmitic acid is up-regulated by a low-fat, high-carbohydrate diet. An additional explanation for elevation of this saturated fatty acid in relation to an excellent dietary pattern is that metabolic factors independent of macronutrient intake influence incorporation of fatty acids into the phospholipid fraction.
Few other studies have examined diet quality indices as they relate to biological markers of intake or disease risk. Hann et al. reported significant associations of better Healthy Eating Index scores with higher serum concentrations of folate, ascorbic acid and all carotenoids except lycopene 31 . Fung and colleagues showed that a Western dietary pattern, which is characterised by high intakes of red meat, sweets, and fried and processed foods, was positively associated with biomarkers of elevated disease risk, such as elevated serum homocysteine, C-peptide and leptin 32 . Gerber et al. tested the associations of selected biomarkers with a modified DQI 33 . Similar to our results, they found no differences in mean b-carotene concentrations across the DQI scores. Gerber et al. also found that the marine fatty acids, EPA and DHA, were significantly higher among participants with excellent diets, compared with those with fair or poor diets, whereas we found no associations of these types of fatty acid with DQI score. Variations in fish consumption patterns between subjects in southern France and our sample of postmenopausal women in Seattle may explain these differences in results.
This study has a number of strengths. First, we used a panel of 19 biomarkers that reflect both healthful and unfavourable dietary patterns, in contrast to other studies that have generally focused on limited groups of markers (e.g. compounds in fruits and vegetables, such as carotenoids). Second, the dietary assessment instrument used in this study has been validated previously in postmenopausal women and it appeared to perform well in this population 15 . Third, all of the women were healthy; thus, measurement of the biomarkers was unlikely to be affected by any disease process that could affect circulating nutrient concentrations. Fourth, we used the mean of duplicate measures for all dietary and blood data, thus reducing measurement error and improving precision 34 . Limitations should also be noted. The study sample was homogeneous, consisting of mostly Caucasian, well-educated women. Because some of the variability in the nutritional biomarkers measured here can be explained by demographic characteristics 35, 36 , examination of these factors in a more heterogeneous sample would be important in future studies of this nature. While we did control for known confounders of the associations of diet with serum measures (i.e. age, body mass index), there may be additional unknown confounders that could obscure these relationships. In addition, much remains to be understood about the health effects of individual fatty acids. For example, while stearic acid does not raise LDL concentrations 37, 38 it may be atherogenic via other mechanisms, such as increasing lipoprotein(a) or decreasing high-density lipoprotein 25 . Another limitation is that not all of the components of the DQI (i.e. grain/fibre intake) are represented by our group of nutritional biomarkers. Further, although de novo fatty acid synthesis comprises only a small portion of total fatty acids in plasma phospholipids, there is substantial desaturation and elongation of both endogenous and exogenous fatty acids. Thus, not all of the fatty acids we measured are exclusively of dietary origin. Finally, while the use of an array of biomarkers is a strength of this study, multiple tests have been conducted on a single dataset, which increases the possibility of a type I error. Therefore, readers should use caution in interpreting the P-values in this study.
Analytical challenges that relate to the use of nutritional biomarkers as objective measures of diet should be mentioned. A quandary in nutritional epidemiology is that most studies investigating the associations of diet with chronic disease risk rely on self-reported measures of diet. Even instruments that are considered a 'reference' or 'gold standard' measure include systematic bias and errors in all types of self-reported dietary assessment instruments (recalls, records, FFQs) are positively correlated 39 -42 . This lack of independent errors violates the principles of the classical measurement model and limits conclusions that may be drawn from validation or calibration studies where two or more dietary assessment tools are typically used to estimate true intake 41, 42 . For example, FFQs and 24-hour dietary recalls both rely on the participant's memory and misreporting of food intake is common 42 . Thus, the ability to measure food intake accurately in relation to disease risk is complicated by substantial measurement error when dietary assessment relies on self-report. For this reason, there is an emerging trend by nutritional epidemiologists to use biological indicators of dietary intake as an objective measure of diet. It is important to note that there are only two biomarkers that give a quantitative assessment of dietary intake and whose errors are truly independent of the errors in self-report (urinary nitrogen for protein intake and doubly labelled water for energy intake) 42 . The majority of nutritional biomarkers, including those used in the present study, are concentration-based biomarkers (i.e. vitamin C, folate and the carotenoids). Concentration-based nutritional biomarkers are responsive to dietary intake and generally follow a linear association with diet. They cannot be used to estimate absolute intake in the same manner as doubly labelled water or urinary nitrogen, but concentrationbased biomarkers can be used to help confirm data obtained by self-report from questionnaires 43 . For example, the findings presented in this study showed that women with low DQI scores (i.e. excellent diets) had higher serum concentrations of vitamins and compounds found in fruits and vegetables (i.e. b-cryptoxanthin) and smaller fractions of atherogenic-type fatty acids, compared with women with poor diets.
Despite the apparent objective nature of concentrationbased nutritional biomarkers, the errors in the biomarkers are not completely independent of the errors in selfreported measures of dietary intake. For example, measured concentrations of vitamins and carotenoids depend not only on recently consumed amounts in food, but also on personal characteristics and concurrently ingested foods and nutrients, some of which are often underreported by participants (i.e. fat and energy) 35, 36, 42, 44 . As such, concentration-based nutritional biomarkers may not provide as objective information as one would like to believe. Still, they may offer some improvement over measures of self-report alone because a smaller fraction of the errors between the measures is likely to be correlated. For example, the concentration-based biomarkers are independent of a participant's memory and social desirability factors. Because it is not currently known whether self-reported dietary intake data or concentration biomarkers are more reliable correlates of true dietary intake, further research is clearly needed to address these important measurement issues and implications for studies of diet and chronic disease 42 .
It is important to note that the current study cannot be construed as a 'validation study', where these measurement error issues are often examined. Validity is the extent to which the 'truth' can be measured and the standard design of a dietary validation study includes comparison of the 'test measure' with a reference or 'gold standard' measure 45 . Because we did not include a 'gold standard' measure of diet or diet quality in these analyses, the biomarkers essentially serve as additional correlates of diet 43 . Human feeding studies where the experimenter rigorously controls the participant's diet may be a particularly useful design to quantify better the association of concentration biomarkers with true dietary intake while avoiding the problems associated with self-report.
The use of dietary patterns to examine disease risk may be a more useful public health tool than reliance on analyses of single nutrients. This report shows that selected nutritional biomarkers predict DQI scores, supporting use of this assessment tool as a suitable measure of total diet, with potential applications for monitoring of disease risk.
